Although largely understudied compared to other model species, forest trees 1 1 7 represent a promising system to understand the genomic basis of species divergence 1 1 8 and adaptive evolution; as a group they have developed diverse strategies to adapt and 1 1 9
thrive across a wide range of climates and environments (Neale and Kremer 2011). subpopulations matched those observed ( Figure S6 ). The same procedure was applied 2 8 1 to model 3 ( Figure S5c ; Table S5 ), except that we there assume the per-generation these models, we compared two summary statistics, θ π and Tajima's D, between the 2 8 5 simulated and observed data for both species. As can be seen from Figure S7 data sets for all three models. In addition, the above three models showed consistent indicating that the presence of population subdivision in P. tremuloides has little 2 9 0 effect on the overall patterns of genomic divergence that we observe between the two 2 9 1 species ( Figure S9 ).
9 2
Comparing the observed distribution of inter-specific F ST with that obtained 2 9 3 from simulations based on the best-fitting demographic model, we found that the in the extremes of distribution ( Figure 4a ). We used the distribution of inter-specific 2 9 6 F ST based on 500,000 coalescent simulations to identify outlier windows that were 2 9 7 likely targets of natural selection by performing a false discovery rate (FDR) of 1% as 2 9 8 1 0 our cut-off. With this approach, 674 and 262 windows (FDR<0.01) were, respectively, outlier windows, we found that both highly and lowly differentiated regions were 3 0 2 randomly distributed across the genome (Figure 3 ) and that the sizes of these regions 3 0 3 appeared to be rather small, with the majority occurring on a physical scale smaller 3 0 4 than 10 Kbp ( Figure S10 ). Signatures of selection in outlier regions 3 0 7
As F ST is a relative measure of differentiation and is thus sensitive to any processes the two species in regions of high differentiation ( Figure 4b ; Table S6 ) and, in 3 1 9
accordance with these patterns, the proportion of inter-specific shared polymorphisms 3 2 0 was significantly lower in these regions ( Figure 4b ; Table S6 ). In addition, these linkage disequilibrium (LD) (P<0.001, Mann-Whitney U test) ( Figure 4c ; Table S6 ). Relative to genome-wide averages, these regions also contained significantly higher proportions of fixed differences that were caused by derived alleles fixed in either 3 2 8 species ( Figure 4c ; Table S6 ).
2 9
In contrast to patterns found in regions of high differentiation, regions of low 3 3 0 differentiation showed significantly higher levels of polymorphism, excesses of proportions of inter-specific shared polymorphisms and negligible proportions of Table S6 ). It is 3 3 4 therefore likely that some of these regions have been targets of long-term balancing 3 3 5 selection in both species (Charlesworth 2006) . Consistent with this prediction, we 3 3 6
found slightly lower or comparable levels of LD in these regions ( Figure 4c ; Table   3 3 7 S6), which is likely due to the long-term effects of recombination on old balanced We examined relationships between the scaled recombination rates (ρ=4N e c) and genome ( Figure S11 ). We found a significant negative correlation between relative 3 4 7 divergence, measured as F ST that depends on genetic diversity within species, and 3 4 8 recombination rates in both P. tremula (Spearman's ρ=-0.121, P-value<0.001) and P. tremuloides (Spearman's ρ=-0.157, P-value<0.001) ( Figure S11a ). In contrast to F ST , 3 5 0
we observed significantly positive correlations between absolute divergence d xy and 3 5 1 recombination rates in both species (P. tremula: Spearman's ρ=0.199, P-value<0.001;
3 5 2 P. tremuloides: Spearman's ρ=0.140, P-value<0.001) ( Figure S11b ).
5 3
Because ρ=4N e c, where c is the per-generation recombination rate and N e is 3 5 4 the effective population size, a reduction of N e in regions linked to selection will 3 5 5 lower local estimates of ρ even if local c is identical to other regions in the genome. In order to account for such effects and to obtain a measure of recombination that is 3 5 7 independent of local N e , we compared ρ/θ π between regions with extreme genetic our results showed significantly suppressed recombination in outlier regions 3 6 0 displaying either exceptionally high or low inter-specific differentiation (Figure 4c ). The availability of the annotated P. trichocarpa genome enabled functional analyses Mann-Whitney U test; Figure S12 ). We used the Gene Ontology (GO) assignments 3 6 9
of those candidate genes to assess whether specific GO terms were significantly over-
represented. After accounting for multiple comparisons, we did not detect over- defense responses, signal transduction or apoptosis (Table S9 ). Nevertheless, some 3 7 7
caution should be applied when interpreting these results since we observed a skewed were discarded in these regions, which further decreased the amount of usable We use a population genomic approach to resolve the evolutionary histories of two processes. Our simulation-based analyses indicate that P. tremula and P. tremuloides Rather than being physically clustered into just a few large, discrete genomic inter-specific differences. Genes within these regions are enriched for immune and the functional properties of the regions identified here, and future studies of these 4 6 5
candidate genes are clearly needed to better assess the adaptive genetic potential of 4 6 6 these widespread forest tree species to current and future climate change. Tajima's D) ( Figure S4 ) and results in larger estimates of effective population sizes 4 7 3 than estimates obtained from local samples ( Figure S3 ). However, all our analyses 4 7 4
suggest that this confounding effect is very weak (see Results) and the divergence 4 7 5
between the two subpopulations of P. tremuloides likely is too recent to have any 4 7 6
major effects on the demographic reconstruction and tests of selection in these species Barnes 1980). Therefore, any possible hybridization in our study would be limited to 4 9 0 samples from the Wisconsin population of P. tremuloides but, as noted above, we did 4 9 1 not detect any major differences in patterns of genetic variation between the two 4 9 2
subpopulations, suggesting little or no effect of hybridization. Here we provide insights into the speciation and recent evolutionary histories of two 4 9 7
closely related forest tree species, P. tremula and P. tremuloides. Our study supports 4 9 8
an allopatric model of speciation for the two species, which are estimated to have In addition, we find that heterogeneous genomic divergence is strongly driven by collected and sequenced (Figure 1a and Table S1 ). For each individual, genomic DNA size of 600bp were constructed according to the Illumina library preparation protocol.
2 7
Sequencing was carried out on the Illumina HiSeq 2000 platform at the Science for 5 2 8
Life Laboratory in Stockholm, Sweden. All samples were sequenced to a target with default parameters implemented in bwa-0.7.10 using the BWA-MEM algorithm 5 3 8
(Li unpublished data, http://arxiv.org/abs/1303.3997, last accessed May 26, 2013).
3 9
Local realignment was performed to correct for the mis-alignment of bases in regions per species) read coverage. Second, as a mapping quality score of zero is assigned for 5 5 3 reads that could be equally mapped to multiple genomic locations, we removed sites 5 5 4
containing more than 20 such reads among all samples in each species. Third, we 
